One-carbon transfer reactions are mediated by H 4 F (tetrahydrofolate), a soluble coenzyme (vitamin B 9 ) that is synthesized de novo by plants and microorganisms, and absorbed from the diet by animals. H 4 F synthesis in plants is quartered between the plastids, the cytosol and the mitochondria, a spatial distribution that is not observed in the other organisms and that suggests a complex intracellular traffic. Also, the activity of H 4 F synthesis fluctuates during plant growth, depending on the tissue and the developmental stage of the seedling, thus illustrating the flexibility of one-carbon metabolism in these organisms. This paper will focus on our recent knowledge about H 4 F synthesis in the plant cell and will briefly describe the activity of the pathway during the growth and development of the seedling.
Introduction
The synthesis of numerous compounds and the regulation of many metabolic processes require the addition or removal of one-carbon units (C 1 -metabolism). These one-carbon (C 1 ) reactions play essential roles in major cellular processes ( Figure 1 ) including the synthesis of nucleic acids, methionine and pantothenate and the biogenesis of many products such as choline, lignine and chlorophyll [1] . H 4 F (tetrahydrofolate) derivatives and S-adenosylmethionine mediate most of these transfers of C 1 -units. However, the synthesis of the latter also depends on the presence of H 4 F, which implies that nearly all the reactions involved in C 1 -metabolism rely on the availability of H 4 F cofactors.
H 4 F is composed of three distinct parts: a pterin ring, a p-ABA ( p-aminobenzoic acid) and a polyglutamate chain with a number of residues varying between 1 and 8 [2] . The structure presented in Figure 1 is the 5,6,7,8-H 4 F, but the pyrazine portion of the pterin ring also exists as 7,8-H 2 F (dihydrofolate). Only the tetra-reduced form of the molecule serves as a coenzyme for C 1 transfer reactions. In biological systems, the C 1 -units exist under various oxidation states ( Figure 1 ) and the different H 4 F derivatives constitute a family of related molecules named indistinctly under the generic term 'folate'.
Some of the initial steps of H 4 F synthesis are absent from animals and folate supply in these organisms is ensured by the diet [3, 4] . Folate deficiency may have severe repercussions on human health (e.g. neural tube defects, heart coronary disease or increased risk of cancer). In contrast, microorganisms and plants are able to synthesize H 4 F de novo. Our knowledge of the structural organization, subcellular distribution and detailed kinetic properties of the plant enzymes involved in H 4 F synthesis increased greatly during the last decade.
H 4 F biosynthesis
One of the most fascinating features of plant folate synthesis is its unique spatial organization [5] , in which three subcellular compartments participate (Figure 2 ).
Dihydropterin is synthesized in the cytosol
Hydroxymethyldihydropterin (dihydropterin) is synthesized from GTP in three steps. None of the proteins required for this synthesis have predicted targeting peptides, suggesting that they are located in the cytosol. The first reaction is catalysed by GTPCHI (GTP-cyclohydrolase I) to form dihydroneopterin triphosphate. GTPCHI is present in organisms synthesizing H 4 F de novo and in mammalian cells where it is involved in the synthesis of pteridines such as tetrahydrobiopterin, a coenzyme participating in redox reactions [6] . The primary structure of GTPCHI from plants is unique [7] . The active enzyme is a dimer with each monomer containing two GTPCHI domains in tandem. Neither of the domains possesses the complete set of residues identified in other GTPCHI enzymes as essential for catalysis, and thus this tandem association is essential to reconstitute a fully active catalytic site. Given that GTPCHI catalyses the first step in the biosynthesis of pterin derivatives, the enzyme is considered to control fluxes into these pathways. The triphosphate side chain of dihydroneopterin triphosphate is further removed to produce dihydroneopterin. This occurs in two steps: the pyrophosphate group is removed by a specific nudix hydrolase [8] , followed by the action of a non-specific phosphatase [9] . Lastly, DHNA (dihydroneopterin aldolase) cleaves the lateral side chain of dihydroneopterin to release dihydropterin. The plant enzyme is a homo-octamer, like most of its bacterial counterparts [10] .
Several attempts have been made to engineer pteridine synthesis with the aim to enhance folate levels in plants.
In a first experiment, authors expressed in Arabidopsis the GTPCHI from Escherichia coli, an enzyme that is not subject to metabolic regulation [11] . The transgenic lines contained 1000-fold more pterins and two to four times more folate, indicating that GTPCHI was, indeed, limiting but that other potential factors were regulating folate synthesis. Similar conclusions were reached from an attempt of folate biofortification in tomatoes by expressing the mammalian GTPCHI predicted to escape feedback control in planta [12] .
p-ABA is synthesized in plastids
In E. coli, three enzymatic activities encoded by the pabA, pabB and pabC genes are required for the conversion of chorismate into p-ABA. In plants, fungi and Plasmodium, a single large protein, which is a fusion of the PabA and PabB domains, has been characterized [13] . The plant enzyme possesses an ADC (aminodeoxychorismate) synthase activity and exhibits a transit peptide that is typical of chloroplast targeting. This was confirmed by the observation that a protein fusion between the N-terminal region of the Arabidopsis ADC synthase and GFP accumulated in the chloroplasts [13] . The last step in the synthesis of p-ABA, catalysed by PabC in E. coli, is driven in plants by an ADC lyase, a protein also located in plastids as demonstrated by GFP fusion and in vitro import experiments [14] .
Evidence that synthesis of p-ABA is a potential limiting step for folate accumulation in plants was published recently [12] . In their attempt to increase the folate content in tomatoes by engineering the pteridine branch of folate synthesis, the authors observed that the p-ABA level in fruits was depleted following GTPCHI expression and pteridine accumulation. As a matter of fact, when exogenous p-ABA was supplied to the transgenic fruits expressing the mammalian GTPCHI, a 10-fold increase of the folate content could be observed.
H 4 F is synthesized in mitochondria
Dihydropterin and p-ABA, together with glutamate, are combined into mitochondria to produce H 4 F. Four reactions are required to produce the H 4 F-Glu 1 (monoglutamate form of H 4 F).
First, dihydropterin is activated into its pyrophosphorylated form to be combined with p-ABA in a second step, resulting in dihydropteroate. These two reactions are catalysed in plants by a single bifunctional enzyme, HPPK (hydroxymethyldihydropterin pyrophosphokinase) and DHPS (dihydropteroate synthase) that was only detected in mitochondria [15, 16] . It has a native molecular mass of 280-300 kDa and is constituted of identical subunits of 53 kDa. In pea, Southern blot analyses suggested that a single-copy gene codes for the enzyme [16] but data from the Arabidopsis Genome Initiative indicate the existence of a second gene coding a putative cytosolic HPPK-DHPS. Further studies are needed to determine how this protein participates in de novo synthesis of H 4 F. A detailed analysis of kinetic properties of HPPK-DHPS (mitochondrial isoform) indicates that the DHPS reaction is strongly feedback inhibited by dihydropteroate, H 2 F and H 4 F-Glu 1 . Thus the DHPS domain could be a potential regulatory point of the mitochondrial branch of the pathway [17] . However, overexpression of HPPK-DHPS in suspension cell culture of tobacco did not enhance the level of folate, suggesting that other steps were also limiting, possibly pterins or p-ABA supplies.
The third step is the ATP-dependent attachment of glutamate to the carboxyl moiety of p-ABA to form H 2 FGlu 1 . It is catalysed by DHFS (dihydrofolate synthetase). In Arabidopsis, a single gene encodes a DHFS enzyme [18] and biochemical and molecular data indicate that it is present exclusively in the mitochondria, making this compartment the sole site of synthesis of H 2 F in the plant cell [18] . This enzyme, together with the preceding reactions catalysed by HPPK-DHPS, is absent from animals, rendering these organisms auxotrophic for folates.
H 2 F is then reduced to H 4 F-Glu 1 by DHFR (dihydrofolate reductase) using NADPH as the electron donor. Higher plants and protozoa possess a bifunctional enzyme bearing DHFR and TS (thymidylate synthase) activities. TS catalyses the methylation of deoxyuridine-monophosphate into deoxythymidine-monophosphate in the presence of CH 2 -H 4 F-Glu n [where H 4 F-Glu n stands for tetrahydropteroylpolyglutamate (tetrahydrofolate)] [19, 20] . In this reaction CH 2 -H 4 F-Glu n acts both as a C 1 -unit donor and a reducing agent, thus producing H 2 F-Glu n [dihydropteroylpolyglutamate (dihydrofolate)]. As a result, the DHFR domain of the bifunctional enzyme has a dual function: it is involved in the reduction of H 2 F originating from either the de novo synthesis pathway (monoglutamate form) or the oxidation of H 4 F-Glu n during TS activity (polyglutamate form). This bifunctional enzyme was purified from pea mitochondria and appeared as a homodimer with 62 kDa subunits [15] . In Arabidopsis, there are three genes coding putative bifunctional DHFR-TS proteins. Surprisingly, these genes appear not to have predictable transit peptides and the locations of the other two isoforms, presumably cytosol and plastids, remain to be clarified.
In all organisms, the polyglutamate tail of H 4 F-Glu n is formed by the sequential addition of γ -linked glutamate residues to H 4 F-Glu 1 , a reaction catalysed by FPGS (folylpolyglutamate synthetase). Glutamylation is essential to retain folate in a given compartment of the cell by increasing the anionic nature of folate coenzymes, thus impairing their diffusion through hydrophobic barriers [21] . In plant cells, the cytosol, mitochondria and chloroplasts contain folates predominantly in the form of polyglutamylated derivatives [22] . Thus it is very likely that H 4 F-Glu 1 , once synthesized in the mitochondria, is exported to the other cell compartments before the final glutamylation step. In agreement with this hypothesis, three genes in Arabidopsis are encoding three FPGS isoforms located in the mitochondria, the cytosol and the chloroplasts, respectively [18] . This situation contrasts sharply with the one found in bacteria where FPGS also has DHFS activity [23] .
Folate distribution in plants
The activity of H 4 F biosynthesis fluctuates depending on the tissue and the developmental stage of the plant (Figure 3) . Three different situations could be observed in developing pea seedlings [24, 25] . 
Folate synthesis and germination
In dry pea seeds, folate is present in very low concentrations and is distributed unequally between the embryos and the cotyledons. Indeed, the embryo contained 23% of the seed folate although it represents only 1% of the dry seed fresh weight. During imbibition, the folate level increased in the cotyledons and continued so during the first 3 days of growth (5-fold increase). However, the folate concentration remained low and slowly decreased back to the initial value after 1 week. This initial rise corresponds to a de novo synthesis of H 4 F since it was not observed when the seeds were imbibed in the presence of 100 µM asulam (Asulox R , Rhône-Poulenc), a sulphonamide that inhibits the DHPS reaction and thus blocks H 4 F synthesis [25] . The most spectacular changes were observed in developing embryos where the already large amount of folate increased further by approx. 3-fold. Contrary to the situation found in cotyledons, this accumulation was concomitant with a rise in the abundance of the HPPK-DHPS mRNA and protein. Regarding the central position of folate and C 1 transfer reactions in plant cell metabolism (Figure 1 ), the strong stimulation of H 4 F synthesis in the embryos during germination is not surprising since this period is characterized by a transition from a quiescent to an active metabolic state and a resumption of cell cycle activity [26] .
Folate synthesis in meristematic tissues
Meristematic tissues of the root tips contained, on a fresh weight basis, 5-fold more folate than the mature root. Also, the strong difference in folate content can be paralleled with the high relative abundance of the HPPK-DHPS mRNA and protein in tips as compared with the entire organ. These observations fit well with the high requirement for nucleotide synthesis in actively dividing tissues and the utilization of CH 2 -H 4 F and 10-CHO-H 4 F for the synthesis of thymidylate and purines (Figure 1 ). They suggest that proliferating tissues have a high capacity to synthesize and accumulate folate coenzymes.
Folate synthesis in leaves
In leaves, the concentration of folate increased gradually to reach a maximum after 7 days of growth, i.e. a stage at which the photosynthetic apparatus builds up [27] , and remained high in the matured leaf which contained approx. 3 times more folate than other organs. This accumulation was correlated with a transient increase of HPPK-DHPS mRNA. These changes correspond to a de novo biosynthesis triggered by the acquisition of photosynthesis. Indeed, the folate concentration in etiolated leaves is half the value measured in green leaves. Also, the steady-state levels of the HPPK-DHPS mRNA and protein are lower in etiolated than in green leaves. When etiolated leaves were exposed to light, the concentration of folate increased slowly to reach a value similar to the one recorded in green leaves. This light-dependent accumulation of folate coenzymes was concomitant with a rise of HPPK-DHPS mRNA and protein.
The relationship between folate accumulation in leaves and photosynthesis is not yet understood. Photorespiration involves two folate-dependent enzymes, the glycine cleavage complex and the serine hydroxymethyltransferase, that accumulate within the mitochondria during greening [28] . Part of the folate synthesized in light might contribute to this photorespiratory process, but most of it accumulated in the cytosolic compartment [25] where it is probably required for the turnover of S-adenosylmethionine and CH 3 -H 4 F synthesis, suggesting a high C 1 -metabolic activity.
Conclusion
All the enzymes involved in H 4 F biosynthesis in plants are now identified, their locations within the cell are known and they are on the way to being fully characterized. The plant pathway exhibits features that are not found in other organisms. In particular, the complex distribution of the enzymes implies a large cellular traffic requiring numerous transporters to exchange the various precursors and folate derivatives between plastids, cytosol and mitochondria. In plants, none of these transport systems has yet been characterized. This is a difficult but challenging area because these transport steps could also be limiting factors for folate biosynthesis or engineering.
Deciphering the connections that necessarily exist between H 4 F synthesis and methionine synthesis/C 1 metabolism is another challenging area. The accumulation of folate in illuminated leaves clearly illustrates the flexibility of the pathway and indicates that the production of the cofactor can be modulated to match the requirement of C 1 metabolism. Nothing is known in plants about the metabolic control of H 4 F biosynthesis and how this control is related to C 1 metabolism.
